Abstract: Aluminum-steel composite metal foams (Al-S CMF) are manufactured using steel hollow spheres, with a variety of sphere carbon content, surface roughness, and wall porosity, embedded in an Aluminum matrix through gravity casting technique. The microstructural and mechanical properties of the material were studied using scanning electron microscopy, energy dispersive spectroscopy, and quasi-static compressive testing. Higher carbon content and surface roughness in the sphere wall were responsible for an increase in formation of intermetallic phases which had a strengthening effect at lower strain levels, increasing the yield strength of the material by a factor of 2, while higher sphere wall porosity resulted in a decrease on the density of the material and improving its cushioning and ductility maintaining its energy absorption capabilities.
Introduction
The use of metal foams for structural applications has been limited due to their non-homogeneous cell-size and cell-shape, which results in their low mechanical properties, premature failure under loading, and their low reliability. Composite metal foam (CMF) has been developed to improve the strength of metal foams by providing an even size, shape, and distribution of porosities. This is achieved
OPEN ACCESS
by packing hollow metal spheres in a random pack arrangement and filling the interstitial spaces between spheres with a metal matrix.
Aluminum matrix CMF with steel hollow spheres has been studied extensively under monotonic compression and fatigue loading [1] [2] [3] [4] [5] [6] [7] [8] and has shown mechanical properties unmatched with any other metal foam. As previously reported [3, 4, 7, 8] aluminum-steel (Al-S) CMF contains hard and brittle intermetallic from the Al-Fe-Si ternary system dispersed through the matrix of the material. The formation of intermetallics in the Al-Fe-Si system is a well-studied phenomena [9] [10] [11] [12] [13] [14] [15] and is due to the reciprocal diffusion of Fe and other alloying elements, like Cr and Ni, from the sphere wall into the Al-Si matrix, at the same time of diffusion of Al and Si from the matrix towards the sphere wall. Intermetallic formation in Al-S CMF influences the mechanical properties of the material and for that reason it has been widely studied [1] [2] [3] [4] [5] [6] [7] [8] . In this study, the microstructure of Al-S CMF manufactured using spheres with different properties is investigated using SEM images along with EDS analysis. This study will provide an understanding of the effects of sphere wall carbon content, surface roughness, and wall porosity on the formation of these Al-Fe-Si intermetallics and their effect on the material microstructure and mechanical properties.
Materials, Processing, and Experimental Procedure

Materials and Processing
Aluminum-steel composite metal foam was processed using steel hollow spheres and Aluminum A356 (Al-7%Si alloy) matrix. Aluminum alloy 356 with 7% silicon (supplied by Trialco, Inc., Chicago Heights, IL, USA) was chosen as the solid matrix material due to its low density, high strength, ease of casting, and reduced shrinkage during solidification. The steel hollow spheres were produced by Fraunhofer and Hollomet GmbH in Dresden Germany [16, 17] . The selection of Al matrix with distinctly lower melting points for casting around steel hollow spheres was to keep the spheres from melting during casting. Two types of hollow spheres were used, with similar outer diameters of about 3.7 and 4.0 mm, and 196 μm and 200 μm sphere wall thicknesses, respectively. This gives a diameter/wall thickness ratio around 0.2 for both types of spheres, creating a comparable amount of steel content in both composite foams. The two types of spheres had different chemical composition, sphere wall porosity, and surface roughness. The chemical composition of the Aluminum matrix (A356) and both sets of steel spheres are shown in Table 1 . The spheres were placed in a steel permanent casting mold (83 mm × 57 mm × 104 mm), held at the top with a stainless steel mesh, vibrated to pack in a maximum dense arrangement [3] [4] [5] (which is about 59% of the whole volume) and are pre-heated to 700 °C in a high temperature furnace along with the aluminum inside a graphite crucible. The furnace used for heating up the spheres, mold and aluminum is a high temperature furnace from CM furnaces 3300 series (Bloomfield, NJ, USA) with molydisilicide heating elements capable of reaching 1700 °C. More details on the processing of composite metal foam via casting are presented elsewhere [1] [2] [3] [4] [5] [6] [7] [8] .
Sample Preparation
Thin slices of Al-S CMF samples were used to investigate the microstructure using digital, optical, and scanning electron microscopy (SEM) imaging, while rectangular cuboids of foam samples were used for mechanical testing. Samples were cut using a Buehler Isomet linear precision saw (Cleveland, OH, USA) equipped with a wafering blade at a constant blade speed of 2500 rpm and a feed rate of 1.2 mm per minute. To avoid edge effects, the mechanical test samples were cut to a size of 24 mm × 24 × mm 42 mm, having at least 6 cells in each direction and keeping a height-to-width ratio of 1.75. The surfaces of the samples used for microstructural observation were ground using progressive grinding paper from 180 to 1500 grit, followed by polishing using a 3 µm diamond slurry, and a progression of 1, 0.1, and 0.05 alumina paste. The samples were washed and ultrasonically cleaned in water/acetone between each stage of grinding and polishing to prevent any cross contamination. Some polished samples were chemically etched in glyceregia (30 mL glycerin, 25 mL HCl, and 10 mL HNO3) to expose grain boundaries and carbide precipitates in the sphere walls.
Microstructural Characterization
Digital images of the sphere surface and the foam cross section were taken to observe the surface roughness of the spheres and the foam structure after processing. Surface roughness was measured experimentally for both types of spheres using a surface profilometer Taylor Hobson Form Talysurf Series 2 (Taylor Hobson, Inc., Rolling Meadows, IL, USA) with a stylus tip of 6 μm in diameter. Each sphere was placed on a sample holder before the stylus tip was brought into contact with the sphere surface and scanned through a measuring length (L). The measurements were collected electronically and the surface roughness was computed using the equation:
where z is the vertical distance from the mean line at position x. A measuring length of 2 mm is used for both sphere types. Two different spheres were measured from each group, and each sphere was measured twice. The average of measurements are calculated and reported here. SEM images were obtained using a Hitachi S-3200N Scanning Electron Microscope equipped with Energy Dispersive X-ray Spectroscopy (EDS) system, to identify various phases and precipitates formed in the microstructure of the foam.
Density Calculation
The packing density of hollow spheres in CMF is previously reported as 59.4% [1] . In this study, the porosity content in the sphere wall was measured using SEM images and open source imaging software Image J v.1.43u [18] and used to determine the density of the foam. The calculated and experimentally measured densities for various CMF samples are compared and correlated to their mechanical properties.
Mechanical Testing
Compression testing was performed on Al-S CMF samples using an MTS servo-hydraulic testing machine with 890 kN compression force capability, located at Constructed Facilities Lab at North Carolina State University. Tests were performed using crosshead displacement control at 1.25 mm/min rate. Sample deformation was monitored using a linear variable differential transducer (LVDT). A thin layer of light grease was used to lubricate the contact surfaces between testing machine and CMF samples to avoid friction and minimize barreling effects. In the absence of any international standard for compression testing of metal foams, this is a common procedure [19] that is followed by the majority of scientists in the metal foam community.
Results
Structural Properties
Digital images of the cross sections of Al-S CMF samples made with the two sets of spheres and a sample of the corresponding spheres prior to be embedded in the matrix are shown in Figure 1A -C. As can be seen in Figure 1A ,B, the structure of Al-S CMF for both spheres exhibits an even distribution of porosities throughout the entire sample. The liquid cast aluminum filled the spaces between the spheres successfully joining the spheres together. SEM images of the microstructure of Al-S CMF made with both types of spheres showing the interface of matrix and spheres are presented in Figure 2A ,B. As shown, the 3.7 mm spheres have much lower porosity content in the sphere wall compared to the 4.0 mm spheres. For both samples an intermetallic layer is formed at the interface between the sphere wall and the Al-Si matrix. Further outside the sphere wall and next to the intermetallic layer, plate-shaped intermetallic phases are formed in both samples. Some acicular needle-shaped phases are dispersed within the matrix. These needle-shaped intermetallic phases are almost exclusively occupied the matrix of CMF samples made with 3.7 mm spheres, but they are less predominant in the 4.0 mm sphere CMF. Figure 2B shows eutectoid intermetallic formations with branch-like structure dispersed throughout the matrix of CMF samples made with 4 mm spheres. Figure 1C along with the results of spheres surface roughness measurements (presented in Table 2 ), show that 4.0 mm spheres have 25% higher surface roughness than the 3.7 mm spheres. Figure 3A shows the formation of a ring of micro-porosities in the matrix and around the sphere walls, right outside the intermetallic layer, which is more prominent in 4.0 mm sphere Al-S CMF with higher sphere surface roughness. In some cases, these porosities combined to form larger porosities inside the matrix as solidification takes place ( Figure 3B ). As seen in Figure 4A , the liquid aluminum has not completely filled the spaces between some of the spheres. This can be due to the surface tension of the aluminum melt. This type of porosity in Al-Steel CMF was previously reported to account for less than 1% of the total density of the foam [1] . In rare cases in the CMF samples made with 4.0 mm spheres, the sphere and the matrix are not in contact with each other and show an air pocket at the interface between the two, as seen in Figure 4B . Figure 5A ,B offer a comparison of the sphere wall microstructure for both samples made with two different types of spheres. Table 3 shows the calculated sphere wall porosity and wall thickness using previously reported techniques [20] . Results show 5% and 14% average wall porosity for the 3.7 and 4.0 mm spheres, respectively, with 200 and 196 µm average wall thickness.
SEM images in
The density of the CMF material is estimated using a theoretical technique previously developed [1] and the results are compared with the measured density in Table 3 . It can be seen that the average density of CMF samples made of 3.7 mm spheres is 11%-16% higher than that made of 4.0 mm spheres. This different is predominantly resulted from the almost 10% difference in their sphere wall porosity content as well as some additional porosities at the interface of the spheres and matrix due to the air trapping on spheres' surface features. EDS analysis was performed throughout the microstructure in order to understand the differences in composition between the intermetallic phases and the results are reported in Table 4 . Intermetallic formation in Al-Fe-Si has been studied extensively and is well documented [9, 10, [21] [22] [23] [24] . As a note, all intermetallic phases found in Al-S CMF include some traces of alloying elements Cr and Ni, which have diffused from the sphere wall into the matrix, occupying the sites of Fe atoms in the Al-Fe-Si intermetallic phases [11, 12] . For this reason, and in order to identify the phases in the Al-Fe-Si ternary system, the atomic concentrations of Fe, Cr, and Ni in the intermetallic phases are combined and shown as (FeCrNi) in Table 4 . Figure 6A -D shows high magnification SEM images of etched CMF samples made with the two different hollow spheres. As can be seen, Cr carbides are precipitated along the grain boundaries of steel spheres in both samples, but in the CMF made with 4.0 mm sphere, Cr carbide precipitations are more visible both along the grain boundaries and within the sphere wall grains. During processing of Al-S CMF, inter-diffusion of Al and Si from the matrix into the sphere wall, along with Fe and other alloying elements from the sphere wall towards the matrix, form an intermetallic layer, shown as a grey layer on the outer surface of the spheres of both samples ( Figure 7A,B) .
The average thickness of this intermetallic layer is about 17 µm for both samples. The structure and composition of the intermetallic layer outside the spheres differs in each sample. While the CMF samples made with 3.7 mm sphere show a uniform mono-layer intermetallic, the 4.0 mm sphere CMF samples have a two-phase intermetallic layer as shown with a lighter and darker grey phases in Figure 7 . The inter-diffusion continues during solidification of Al-Si matrix and ends up with the formation of plate-shaped intermetallic phases, adjacent to the intermetallic layer, with different chemical composition than that of the intermetallic layer (Figure 2A,B) . As shown in Table 4 , CMF samples made with 4.0 mm sphere have higher concentration of FeCrNi with lower concentration of Si in their intermetallic phase, compared to the CMFs made with 3.7 mm spheres. As diffusion takes place during solidification, these plate-shaped intermetallics grow, detach from the intermetallic layer, and move into the Al matrix. Figure 2A ,B shows the precipitation of needle-shape phases, which are predominant in the matrix of the CMF samples made with 3.7 mm spheres ( Figure 2A) and are rare in the 4.0 mm sphere CMF samples ( Figure 2B ). As shown in Table 4 , these needle-shape intermetallic phases are rich in Si.
It appears that the higher concentration of carbon content in spheres with 4 mm diameter along with their larger surface roughness and contact area with the matrix facilitated the inter-diffusion of alloying elements and promoted the formation of ternary intermetallic phases of FeAlSi. As such, the majority of the Si from the aluminum matrix is consumed by those ternary intermetallic phases of AlFeSi leaving less Si for precipitation as needle-shape phases. Samples made with lower sphere roughness and lower carbon content had less intermetallic formation and the Si was deposited individually as needle-shape phases (CMFs made with 3.7 mm spheres). Figure 9 shows single phase Si precipitations dispersed through the matrix of a CMF made with 3.7 mm sphere. Figure 9 . Backscattered SEM image of needle-shape intermetallics and Si precipitates in Al-S CMF sample made with 3.7 mm.
Mechanical Properties
The monotonic compression tests results for CMFs made with both types of spheres are shown in Figure 10A ,B, with Figure 10A showing the engineering stress vs. strain data, and Figure 10B showing the specific engineering stress vs. Strain. Specific stress is the stress divided by the average density of the foam and is used in order to eliminate the effect of density. The 0.2% strain offset yield strength along with the energy absorption and specific energy absorption at 50% strain are calculated and shown in Table 5 . It can be seen that the CMF samples made with 4.0 mm sphere (higher carbon content and higher surface roughness) show a 110% improvement in their yield strength compared with the CMF samples made with 3.7 mm sphere. The energy absorption at 50% strain are almost the same for both samples, while a 20% improvement in specific energy absorption is observed in the CMF samples made with 4.0 mm spheres due to their higher carbon content and brittle intermetallic phases.
Discussion
Effect of Sphere Surface Roughness and Wall Porosity
The ring of micro porosities (shown in Figure 3A ) caused by the surface roughness of the spheres and air trapping on those surface features when casting takes place. Such trapped air cannot escape through the highly viscose liquid Al and can only be slightly pushed away from sphere wall into the matrix during solidification, forming the ring of porosities around sphere. These porosities could marginally compromise the bonding between the spheres and the matrix, lowering the strength of the material after the yield point explaining the drop in the stress-strain curve. A rare feature including very large imperfection at the surface of the spheres can cause larger pockets of air trapped in isolated areas at the sphere-matrix interface, as shown in Figure 4B . The absence of intermetallic layer formation in such area suggests that the surface imperfections prevented the liquid aluminum to come in touch with spheres. Although such features are rare, these voids can potentially lower the strength of the foam mainly after yield point when the matrix starts to undergo plastic deformation. As the percentage of such porosities is small, their effect on the mechanical performance of CMFs is very minimal.
In most spheres, however, the surface roughness is not that large to prevent the liquid aluminum to come in touch with spheres. In such cases the surface roughness can provide larger contact area between the aluminum matrix and the steel spheres, resulting in more elemental diffusion between spheres and the matrix and the formation of higher amount of intermetallic phases. These intermetallic phases will have a hardening effect on the material and improve its performance under loading, particularly boosting the yield point of the material.
The larger amount of porosities in the sphere wall of CMF processed with 4.0 mm spheres caused a lower density of the material and further improved its cushioning property, which helped attenuating the brittle behavior of the material resulted from its higher intermetallic content. As the result, the Al-S CMF made with 4.0 mm spheres could sustain a higher plateau strength, maintaining a high energy absorption capability, and improving the material's specific energy absorption by almost 20%.
Effect of Sphere Wall Carbon Content and Chemical Composition
As shown in Table 1 , the composition of Al-Si matrix material used in processing of both sets of CMF samples was identical. However, the chemical composition of the spheres was different, with the 3.7 mm spheres have lower carbon content compared to the 4.0 mm spheres. Figure 6B ,D showed large amounts of carbide precipitates at the grain boundaries and inside the grains of the sphere wall of CMF made with 4.0 mm spheres. These carbides are mostly M23C6, which is the main carbide precipitation in stainless steel [25] , and are formed due to the high carbon content inside the sphere wall and the high temperature exposure of the spheres during casting of CMF. The large amount of chromium carbide precipitation in the 4.0 mm spheres reduces the Cr content within the sphere grains, and as a result, increases the ratio of Fe and Ni inside the steel sphere wall grains, as shown in the EDS results in Table 4 . In contrast, the low amount of C inside the sphere wall of the 3.7 mm sphere does not strongly promote Cr carbide formation at the grain boundaries, thus the ratio of Cr in the sphere grains is higher and that of Fe and Ni subsequently are lower. Since Fe is one of the main elements controlling the formation of the Al-Fe-Si intermetallics, the higher percentage of Fe result in a higher amount of intermetallic phases formation in the Al-S CMF samples made with 4.0 mm spheres. In other words, higher carbon content in the sphere wall will lead to lower Cr available and thus higher proportions of Fe in the sphere wall grains, which will promote higher diffusion of Fe and alloying elements, like Ni and Mn, into the matrix and promote intermetallic formation in the material. This translates into a higher concentration of such elements in the lighter grey intermetallic layer close to the sphere surface, compared to the intermetallic layer of the CMF samples made with 3.7 mm spheres. The dark gray phases on the outer-most area of the intermetallic layer of these samples contain more Si similar to the intermetallic layer in the CMF samples made with 3.7 mm sphere.
The CMF sample made with 3.7 mm sphere showed thin needle shape precipitations dispersed throughout the matrix, as seen in Figure 9 , while the samples made with 4 mm spheres showed eutectoid branch-like intermetallic phase formation resulted from the large amounts of elemental diffusion from sphere wall into the matrix. As seen in Figure 8 , branch-like intermetallic phases in the matrix contain large amount of Si at the outer layer and more concentration of Mn in the inner layers of branches, creating two distinct shades in the SEM images. This result agrees with other studies in which Mn content controls the diffusion of Si in Al-Fe intermetallic phases [14] .
In summary, the higher carbon content in the sphere wall promoted the formation of hard intermetallic phases in the matrix of the CMF samples made with 4.0 mm sphere and had a hardening effect on the foam boosting up its yield strength by a factor of 2 compared to the CMF samples made with 3.7 mm spheres. Although the hard and brittle nature of the intermetallic phases causes a drop on the strength of 4.0 mm sphere CMF after yielding ( Figure 10A,B) , the higher sphere wall porosity counteracted that effect, balancing the total energy absorption capability of the material between the two sets of samples.
Conclusions
Al-steel composite metal foam was manufactured using 3.7 and 4.0 mm diameter hollow steel spheres. Higher carbon content in the sphere wall, along with its higher sphere surface roughness resulted in higher amounts of hard and brittle ternary Al-Fe-Si intermetallic phases dispersed throughout the Al matrix, which caused a 110% improvement on the yield strength of the material. Higher sphere wall porosity, translated into lower density of the material, which provided ductility after yield point, counteracting the increased brittleness of the material, and allowed Al-S CMF to maintain its energy absorption capabilities and increase its specific energy absorption by almost 20%.
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